Introduction
[2] Deep-sea sediments provide a particularly complete and integrated record of Earth's climate and tectonic systems. To fully appreciate information contained in the terrigenous fraction of marine sediments, that fraction derived from continental erosion, it is critical that we are able to identify the source regions and transport pathways of the sediment deposited at any given location. With this ''provenance'' information we can better delineate a variety of processes including the response of ocean circulation and continental landscapes to climate change, as well as tectonic processes that modify the morphology of the landscape.
[3] A variety of studies have illustrated the power of using terrigenous material to understand dynamics of Earth's climate system. For example, changes in oceanographic circulation over glacial-interglacial timescales have been discovered in many regions of the world through identification of terrigenous sources and their distribution in the sediment record [Fagel et al., 1996 [Fagel et al., , 2002 Jantschik and Huon, 1992; Walter et al., 2000] . Patterns of sea-ice movement have been resolved by tracking entrained Fe oxides from their original, terrestrial source [Darby, 2003] . Spatially and temporally variable precipitation patterns in the coastal Chilean and Andean mountains have been better understood over the last 28,000 years through terrigenous Fe changes seen in offshore sediment cores [Lamy et al., 1999] , while characterizing the provenance and pathways of ice bergs in the northeast Atlantic have been carried out by studies of ice-rafted and glacial debris using 40 Ar- 39 Ar dating methods applied to detrital hornblendes and sediments [Hemming et al., 1998 [Hemming et al., , 2002 . Identifying the cratonic sources of glacial till via large populations of single crystal 40 Ar- 39 Ar total fusion ages has been a recent avenue for provenance study related to natural climate variations (M. Roy et al., Constraints on a long-lived Keewatin ice dome from 40 Ar/ 39 Ar dating of mineral grains from midcontinent glacial deposits, manuscript in preparation, 2006).
[4] Beyond the paleoclimate world, a variety of tectonic processes have also been unraveled through provenance studies of river sediments [Bernet et al., 2004; Carrapa et al., 2004; Clift et al., 2001 Clift et al., , 2002 Garzanti et al., 1996 Garzanti et al., , 2005 Reiners et al., 2005a; Spiegel et al., 2004; Wobus et al., 2003] , while linking and deconvolving climatic and tectonic signals is at the forefront of studies of Earth surface processes today [Clift and Blusztajn, 2005; .
[5] The spatial resolution at which terrigenous sources can be identified is dependent on the diversity of the age, mineralogy and chemistry of rocks that are eroded and on the development of techniques that characterize those sources. Generally, provenance has been distinguished on the scale of geologic provinces [Fagel et al., 2002; Hemming et al., 1998; Lamy et al., 1998 Lamy et al., , 1999 Walter et al., 2000] . There have been fewer studies that fingerprint specific fluvial sediment sources via isotopic methods [Clift et al., 2002 [Clift et al., , 2004 or mineralogic techniques [Garzanti et al., 2005] . Since most rivers in a given region erode common rock types, it remains difficult to resolve provenance at the fluvial basin scale. Fission track studies [Brandon and Vance, 1992; Carter, 1999] , U-Pb and (U-Th)/He dating of detrital zircons [Reiners et al., 2005a] and a variety of single-grain K-feldspar [Copeland et al., 1990] and mica analyses [Carrapa et al., 2004; Heller et al., 1992] have proven to be extremely powerful ways to resolve sediment source. However, the low abundances and very small particle sizes of minerals beyond the shelf-slope break make the applicability of these single-grain methods tenuous in the deeper marine realm. Yet the deep sea is where the most continuous sediment records are preserved, since sea level oscillations expose and erode the shelf. Moreover, terrigenous material makes up 77% of sediment in the world's oceans [Lisitzin, 1996] , and yet detailed knowledge about the source of much of these sediments is lacking since so much of it is made up of very small particle sizes.
[6] In this paper we investigate the resolution at which 40 Ar incremental heating methods can characterize provenance of bulk fluvial, silt-sized sediments (20 -63 mm). Bulk sediment ages using the 40 Ar system were previously reported by Hemming et al. [2002] . That work was part of a larger study that showed that the bulk sediment ages reflected terrestrial source, paving the way for this study. Hemming et al. [2002] did not explore the meaning of the age spectra, potential fluvial sources were not characterized and smaller size fractions were measured. Other 40 Ar- 39 Ar incremental heating studies have been carried out on the clay-sized fraction of sediments, using a technique that overcomes problems related to Ar recoil and loss in fine-grained sediment [Dong et al., 1995] . Although these methods can be invaluable in the marine setting [Pettke et al., 2000] , we focus on the silt-sized fraction so as to better ensure that we capture reproducible ages related to source rock cooling, avoiding ages that could be a function of weathering or diagenesis [Dong et al., 1995] .
[7] We apply 40 Ar incremental heating methods to characterize fluvially borne terrigenous material at its last juncture before entering the ocean, with the expectation of applying it as a robust provenance tracer in marine sediments. In this paper we show that concordant middle-to high-temperature step ages derived from this method reflect the average cooling age of the rocks that are eroded from exposed source rocks, as others have inferred [Hemming et al., 2002; Pettke et al., 2000] . Reproducible age spectra, including concordant step ages comprising a majority of the Ar release (termed plateaus) can be extracted from the bulk sediment, in many cases. This work also suggests that it may be possible to accurately identify specific sediment sources that derive from the same geologic province(s), but drain varying proportions thereof. We use K/Ca information to address questions about why sediments produce age plateaus and what minerals are likely characterizing the gas at different temperatures. We finish with simple calculations that evaluate how well the measured bulk sediment 40 Ar- 39 Ar plateau ages represent the average cooling age of minerals from contributing rock types in a given river basin and discuss this technique's promise and limitations. 40 Ar- 39 
Expectations for

Ar Incremental Heating Experiments on Multiphase Detrital Sediments
[8] A 40 Ar total fusion (single step) age or K-Ar age documents the time at which a mineral, or whole rock cooled below a certain closure temperature (we use cooling age realizing that it is synonymous with crystallization age in volcanic rocks, but may be significantly younger in slowly cooled plutonic rocks). By using the incremental heating technique, valuable geologic information can be gained such as whether metamorphic, hydrothermal, or weathering events have affected the distribution of K and Ar in a mineral or whole rock sample. In essence, an incremental heating age spectrum (age vs. temperature or %gas released) can often reveal much of the thermal history of a mineral or whole rock. In this study we employ the incremental heating technique because of the information gained over a fusion age alone. For instance, since we extract gas from a fine-grained mixture of minerals from a variety of geologic provinces, the step heating information (both age and K/Ca) provides a way of determining the variety and relative contributions of minerals to the age patterns presented by the sediment samples. In the following section, we discuss the traditional features associated with 40 Ar- 39 Ar age spectra so that there is a framework for understanding the methods and results from this study.
[9] In an age spectrum derived from incremental heating of a single mineral, the main interpretable features are cooling age, Ar loss, inherited or excess Ar, and Ar recoil. Cooling ages are often indicated by concordant step ages, forming a plateau (Figure 1a ). Ar loss occurs from a variety of conditions such as reheating during metamorphic events, surface weathering, chemical alteration, and mechanical grinding (see summaries by Dalrymple and Lanphere [1969] and McDougall and Harrison [1999] ). 40 Ar loss is evidenced by ever increasing ages in the low-temperature steps of the age spectrum (Figure 1b) , presumably due to heating-activated diffusion from less retentive margins and fractures in crystals. Excess Ar, resulting from undegassed mantle-derived 40 Ar at the time of crystallization or hydrothermally deposited, nonatmospheric 40 Ar, is often detectable in 40 Ar age spectra, usually by a saddle-shaped degassing pattern; i.e., older than actual crystallization ages at low-and high-temperature steps.
[10] Ar recoil presents another problem. It results in 39 Ar and 37 Ar loss or relocation during irradiation, due to recoil of target atoms (K and Ca, respectively) during neutron capture [Faure, 1986; Turner and Cadogan, 1974] . When 39 Ar is lost from crystal margins during irradiation in the reactor, the 40 Ar/ 39 Ar ratio at low-temperature steps increases, and so does measured age. In fine-grained, multiphase samples there is presumably also a net transfer 39 Ar from K-rich to K-poor phases, making the K-rich components ''too old'' and the K-poor portions ''too young'' [Turner and Cadogan, 1974] . Since K-rich phases outgas at low temperatures and K-poor phases outgas at high temperatures, Ar recoil can usually be recognized by an ever decreasing step age with increasing temperature in the age spectrum (Figure 1c; McDougall and Harrison [1999] ). Recoil can also transfer 37 Ar from Ca-rich to Capoor phases, resulting in undercorrection or overcorrection of 36 Ar interferences and a similar ''inverse staircase'' effect on the age of the spectrum. Combinations of Ar loss and recoil are also possible (Figure 1d ).
[11] In fluvial material, or the terrigenous fraction of marine sediments, it is expected that the age and K/Ca spectra will be different from analyses performed on a single mineral since the bulk sediments are multiage and polymineralic. Age spectra may display variability in step ages and K/Ca throughout the heating schedule. This has been seen before in multiphase samples, where irregular spectra have been obtained from old xenoliths carried in young basalt flows [Gillespie et al., 1982] , meteorites showing bimodal trends in their K/Ca spectra due to the temperature-dependent degassing of plagioclase and pyroxene [Wang et al., 1980] and mixtures of detrital K-feldspar grains showing complex degassing patterns [Copeland et al., 1990] . Features like these might be observed in bulk sediment samples. However, previous studies show that concordant steps in polymineralic detritus might also be expected [Dong et al., 1995; Hemming et al., 2002; Pettke et al., 2000] .
Study Area
[12] Our ultimate goal is to develop methodologies to identify terrigenous sources for deep-sea sediment derived from the Pacific continental margin of northern California, Oregon and Washington. This is part of a larger project relating glacial-interglacial changes in downcore pollen and radiolaria assemblages [Pisias et al., 2001 ] to terrigenous sediment provenance as a means to distinguish continental vegetation changes from oceanic circulation changes, although the method has broader utility.
[13] To characterize sediments entering this region of the Pacific Ocean for the purpose of tracing sources and transport pathways, we have obtained samples from the mouths of fourteen rivers in the Pacific Northwest (Figure 2 ). From San Francisco Bay to the Straits of Juan de Fuca, these rivers drain a diverse set of geologic provinces. In Washington, the rocks of the Olympic Mountains are composed of a suite of sandstones, mudstones and volcanic lithologies that have Eocene to Miocene depositional ages [Brandon and Vance, 1992] . The Quinalt River sample represents this region (QUI-1). In the southwestern coastal ranges of Washington and northwestern Oregon, rivers erode Eocene sedimentary and volcanic rocks [Walker and MacLeod, 1991] . Samples were taken from Grays Harbor (GRA-1), Willapa Bay (WIL-2 and 4), and Tillamook Bay (TIL-1 and 2).
[14] The Columbia River drains an immense area ( Figure 2 ) and a large variety of rock types and geologic provinces with various cooling ages. Lithologies in the headwaters of the Columbia River (including the Kootenay Figure 1 . Typical 40 Ar age spectra for single crystals and expected results in polymineralic, multiage, finegrained sediment mixtures. (a) Single crystal degassing with homogeneous distribution of argon. In the case of a sediment mixture, a long-plateau age like the one shown would require that all minerals degas synchronously or that all minerals are the same age, which are both unlikely. [16] The coastal range of northern and central California is dominated by the Franciscan Melange, a Cretaceous to lower Tertiary sequence of sandstones and mudstones, with large blocks (up to several kilometers in size) of serpentinite, blueschist, eclogite greenstone, chert and limestone [Blake and Jones, 1981; McLaughlin et al., 1994] , although other less extensive volcanic lithologies are present in the region as well. The Eel (EEL-1A, 1B and 2), Mattole (MAT-1) and Russian Rivers (RUS-1 and 2) drain this region. The southernmost rivers (Sacramento and San Joaquin Rivers) drain the granitic rocks of the Mesozoic Sierra Nevada Mountains, Great Valley sediments and lesser contributions from the Klamath and Franciscan rocks. These rivers are represented by SAC-1 (Sacramento River), SAN-1 (San Joaquin River) and SCN-1 (sample from the confluence of the Sacramento and San Joaquin Rivers).
Sampling Methods
[17] We sampled from riverbeds either by hand or using a PVC hand sampler in a skiff or by wading. To avoid tidally derived sediment, most samples were taken from riverbeds above the saltwater-freshwater interface. However, some samples were collected in estuaries because this is often where several sediment sources mix before being flushed into the open ocean during storm events. We wanted to capture the most representative samples that enter the ocean, but at the same time, avoid beach material transported into the estuary by tidal processes [Peterson et al., 1984] . In the cases of Willapa Bay and especially Tillamook Bay, attempting to achieve these goals were unsuccessful since it was necessary to collect samples before the point where all main rivers and streams culminate.
[18] Typically, several samples were collected from each river. Most samples were taken in shallow, lower-energy environments where fine-grained material was deposited, such as the downstream side of point bars, sidebars and small embayments. When possible, samples were also taken in mainstream sections. Fine-grained samples were our target since the suspended load that is transported by ocean currents to continental margin sites is of a small particle size. We assume that the fine-grained material sampled here is representative of material that is transported to the ocean but falls out of suspension in the lower-energy point bar, sidebar and embayed environments. All samples were collected during low-flow conditions in the early summer of 2002, except COL-1341 and COL-1498, UMP-902 and KLA-898, which were collected in the mid-1970s (Oregon State University Marine Geologic Core Repository).
Analytical Procedures
[19] The 20-63 mm size fraction was extracted from about 100-300 g of bulk material by sieving at 63 mm and then using settling times from the stokes equation to remove the 0 -20 mm fraction. The organic compounds were removed by initially adding 30 ml of 35% hydrogen peroxide to the samples. After eight hours of organic oxidation an additional 30 ml of the hydrogen peroxide was added and the samples were shaken for 72 hours. Two hydrogen peroxide steps were needed because of the high organic content in the river sediments. Three washes in distilled water followed. Carbonate was removed by adding 200 ml of dilute acetic acid to each sample and then samples were shaken for 24 hours. The samples were then washed in distilled water three more times. All preparation steps were performed at room temperature.
[20] Irradiation of $50 mg of sample packaged with the FCT-3 monitor standard (age = 28.03 ± 0.18 Ma; Renne et al. [1994] ) occurred for six hours in the core of the 1 MW reactor to induce the reaction 39 K (n, p) 39 Ar. The irradiated samples were analyzed using the MAP 215-50 mass spectrometer in the Ar geochronology laboratory at Oregon State University. Samples were loaded into a Cu sample holder, placed in a vacuum chamber and heated incrementally with a defocused 10W CO 2 laser programmed to traverse the sample during each heating step (for approximately five minutes). Samples were degassed with 13 to 15 temperature steps, from 200°to 300°C to fusion at around 1400°C. Laser temperature was calibrated to laser power with a pyrometer. For each laser-heating step, the extracted gas was exposed to Zr-Al getters for five minutes to remove active gases before measurement in the mass spectrometer. A five-minute pump out time was used between samples. Four blanks were run per sample in order to make corrections throughout sample analysis. Isotopic masses for 40 Ar, 39 Ar, 38 Ar, 37 Ar and 36 Ar were measured, with the latter three used to correct for interferences on 40 Ar and 39 Ar [McDougall and Harrison, 1999] The most important of these corrections is an atmospheric correction of 40 Ar via Ar ratios using ArArCalc [Koppers, 2002] . A variety of corrections were made including those related to mass fractionation and short-lived radioactive decay, while error propagation was applied to every step-heating analysis and correction. Computations of the weighted age plateau and an estimate of its goodness of fit were determined as well. A plateau age, as defined for this study, is any age spectrum that has 50% or more of its total 39 Ar characterized by concordant steps [Koppers, 2002; McDougall and Harrison, 1999] . A mean square of weighted deviations (MSWD) calculation was made for every plateau age to assess the goodness of fit. When this value is much greater than the expected value of one, it suggests that errors on the weighted plateau are underestimated, while a value much less than one suggests that the weighted plateau error is likely to be overestimated [Koppers, 2002; McDougall and Harrison, 1999; Wendt and Carl, 1991] .
[22] Potassium-calcium ratios (K/Ca) were also calculated in ArArCalc from measured concentrations of 39 Ar derived from K and 37 Ar derived from Ca. This ratio was then multiplied by a constant of 0.43 (determined from a monitor standard with a known K/Ca ratio [Dalrymple et al., 1981; McDougall and Harrison, 1999] ) to arrive at the K/Ca values presented here. A subset of samples (16 of the 33) was analyzed for their K and Ca concentrations, using standard ICP-OES (inductively coupled plasma-optical emission spectrometer) techniques following procedures by Walczak [2006] . These were compared with K/Ca values determined from the step-heating Ar analyses and are discussed later in the paper.
[23] The K/Ca values from the step-heating Ar data are also compared with published K/Ca ratios of the major K-and Ca-bearing minerals from the source rocks of geologic provinces in the study area [Deer et al., 1992 ; GEOROC database, available at http://georoc.mpch-mainz. gwdg.de/georoc/; Barnes, 1987; Barnes et al., 1986 Barnes et al., , 1992a Barnes et al., , 1992b ] to aid in our interpretation of the minerals contributing to the 40 Ar- 39 Ar age spectra. These K/Ca values for different minerals are presented in Table 1 . The minerals are presented in the general order that they most readily diffuse Ar gas as a function of temperature [Brady, 1995; Dalrymple et al., 1981; McDougall and Harrison, 1999] .
[24] Mineralogical identifications by X-ray diffraction (XRD) are presented from eleven Pacific Northwest fluvial samples to underscore our understanding of the gross features dictated by mineralogy in the age and K/Ca spectra. A Scintag Pad-V X-ray diffractometer was used from 5°-64°2q using Cu radiation. Samples were sprinkled through a sieve onto slides with double-sided tape and then ''razor-tamped'' following the procedures outlined by Zhang et al. [2003] . This method provides a relatively simple way to attain randomly oriented powders, which are necessary to acquiring quantitative information about mineral abundances. The data were analyzed using MacDiff software (http://www.geologie.uni-frankfurt.de/ Staff/Homepages/Petschick/RainerE.html). Relative mineral abundances were calculated on a quartz-free basis.
6. Analytical Results 6.1. Table 2 . Bulk sediment plateau ages for Pacific Northwest river samples range from 76 Ma to 156 Ma. Twenty-two of the 33 samples produced multistep, concordant ages in the middle-to hightemperature portions of their age spectra, accounting for at least 50% of the total gas released from the bulk polymineralic sediment. We term the weighted mean of these concordant step ages a plateau age, remembering that these step ages are the result of congruent degassing of several phases. Because of lower ages in the low-temperature steps (likely from 40 Ar loss), the total fusion ages, obtained by summing all gas fractions and comparable to a conventional K-Ar age, are usually younger than the plateau ages, although most samples have a plateau age within 10% of the total fusion age.
[26] The samples are organized into four geographic/ lithologic groups ( Figure 2 ): The Northern group (sediments from coastal Washington rivers and the Columbia River), the Central group (sediments from coastal Oregon rivers south of the Columbia River to $43°N latitude), the Klamath group (sediments from the Rogue and Klamath Rivers eroding the Klamath Accretionary Complex), and the Southern group (northern and central Californian river sediments).
[27] The plateau ages for the Washington coastal river sediments range from 121 to 125 Ma ( Figure 3 ). The QUI-1 (Quinalt River) age spectrum does not develop a plateau.
Step ages increase until a short, three-step maximum of 157 Ma. GRA-2, which was taken from the confluence of the Chehalis and Hoquiam Rivers in Grays Harbor, shows an initial ramp up in step ages followed by a five-step plateau (50% of the total gas) at 121 Ma and finishes with Deer et al. [1992] , the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/), Barnes [1987] , and Barnes et al. [1986 Barnes et al. [ , 1992a Barnes et al. [ , 1992b . The order of release temperature is based on activation energies from a review paper by Brady [1995, and references therein] , as well as Fechtig and Kalbitzer [1966] . Cpx, clinopyroxene; Opx, orthopyroxene.
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS increasing step ages until fusion. For Willapa Bay, WIL-2 shows a continuous increase in age throughout the age spectrum while WIL-4 developed a six-step plateau containing 64% of the gas, at 125 Ma. Four out of five Columbia River samples display two fairly distinct plateaus in their age spectra ( Figure 3 ). The lower-temperature plateaus range from 103 to 113 Ma while the highertemperature plateaus range between 113 and 138 Ma. These are the only samples from our study that show this dual plateau pattern. All samples in the northern group show evidence for minor Ar loss. We observe that most of these age spectra increase in age at the highest-temperature steps, suggesting that no significant Ar recoil has occurred and that older, high-temperature minerals are present (amphiboles?).
[28] River sediments from Oregon coastal rivers in the Central group are, as a whole, the youngest in the data set ( Figure 4 ). The age spectra for the seven samples show an initial increase in the step ages with temperature, followed by broad, multistep plateaus that either continue to fusion or are followed by a slight decrease in step age, likely related to Ar recoil. The two samples from Tillamook Bay show good plateaus, but two markedly different ages (76.5 and 110.5 Ma). UMP-1A and 1B are identical in age (88.3 and 88.5 Ma, respectively), while UMP-902 (precise sampling location within the river is uncertain) is significantly older at 100 Ma. The Coos River sediment age spectra show similar patterns, with middle-temperature plateaus (94 -100 Ma) and decreasing step ages at higher temperatures, indicative of Ar recoil.
[29] The Rogue River and Klamath River sediments (Klamath group) show consistent within-river results, but differ notably in between-river bulk sediment ages and degassing patterns (Figure 5 ), even though both rivers erode Steps, the number of steps that characterize the plateau; MSWD, mean square of weighted deviations [Koppers, 2002] . LP, low-temperature plateau; HP, high-temperature plateau. No precise location information is available for COL-1341, COL-1498, UMP-902, ROG-900, or KLA-898 (collected at the mouths of these rivers by J. Dymond and G. R. Heath).
the same rocks in the Klamath Mountains. All four of the Rogue River samples produced good plateaus whose ages fall between 125 and 132 Ma. Their degassing patterns are very similar as well, with little evidence for recoil effects in the high-temperature steps. Three of the four Klamath River samples show similar ages, between 148 and 156 Ma. The degassing pattern is somewhat different from the Rogue River samples, increasing in age over a greater temperature range initially, with a clear but narrower plateau. One sample (KLA-1) did not develop a plateau. It appears to contain a small proportion of some significantly older mineral that outgassed at high temperatures. Generally, the samples in the Klamath group show no consistent recoil patterns. Ar- 39 Ar incremental heating spectra and K/Ca spectra for river sediments from the Northern group (coastal Washington and Columbia watersheds) of the Pacific Northwest. Age spectra are black while the K/Ca spectra are gray. Analytical uncertainties (2s) related to age and K/Ca are depicted by the vertical scaling of each step-heating box. [30] The Eel, Mattole, Russian, Sacramento and San Joaquin Rivers comprise the Southern group (Figure 6 ). The three samples from the Eel River are quite similar in age (127 -132 Ma) and degassing pattern, with broad plateaus and decreasing step ages at the highest temperatures. MAT-1 is one of the youngest samples in the data set (78 Ma), with five concordant steps comprising just under 50% of the total gas released, and is much younger than the geographically adjacent Eel River samples. It drains a relatively small Miocene-Cretaceous sedimentary subunit of the Franciscan Melange Coastal Belt [McLaughlin et al., 1994 ] not shown in Figure 2 . The spectra of the two Russian River samples produced good plateaus at 111 and 116 Ma. Although the ages differ somewhat, the Russian River samples share many of the features seen in the Eel River samples (Figure 6 ). Samples from both yield increasing step ages (30 -60 Ma) for three to five steps then arrive at a plateau throughout the middle-temperature steps and terminate with decreasing ages for the highest-temperature steps.
Both the Eel and Russian Rivers erode the Franciscan Melange, but a significant portion of the Russian River also erodes the Miocene-Pliocene Sonoma and Tolay volcanic rocks [Fox et al., 1985] , which may explain the small age difference between the two rivers. The three southernmost samples from the Sacramento and San Joaquin Rivers have an average plateau age of 123 Ma. These samples display broad, continuous plateaus throughout the stepwise heating process, after only a short low-temperature set of steps affected by 40 Ar loss. Ar recoil appears to be important in the Eel, Mattole and Russian Rivers over the highesttemperature steps, but not in the Sacramento -San Joaquin samples.
Mineralogy and K/Ca Spectra
[31] XRD analyses performed on a subset of samples showed that, in order of relative abundance, the most abundant mineral is plagioclase (Table 3) , followed by clinopyroxene, kaolinite, K-feldspar, vermiculite, horn- Ar- 39 Ar incremental heating spectra and K/Ca spectra for river sediments from the Central group (coastal Oregon) of the Pacific Northwest. Age spectra are black while the K/Ca spectra are gray. Analytical uncertainties (2s) in age and K/Ca are depicted by the vertical scaling of each step-heating box.
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS blende (amphiboles), orthopyroxene and biotite (and other micas). Minerals releasing gas at the lowest temperatures are clays such as kaolinite and vermiculite. Their K/Ca ratios (Table 1; Deer et al. [1992] ) are low to moderate at 0.03 -4.0. Although clays, strictly speaking, do not exist in the 20-63 mm fraction, they are present in our samples presumably by adhesion to larger grains. Biotite, muscovite, illite and other micas have high K/Ca values (K/Ca = 10-800 [Deer et al., 1992 ; GEOROC database, available at http://georoc.mpch-mainz.gwdg.de/georoc/; Barnes, 1987; Barnes et al., 1986 Barnes et al., , 1992a Barnes et al., , 1992b ). The micas release gas at moderate temperatures [Brady, 1995; Dalrymple et al., 1981; McDougall and Harrison, 1999] , suggesting that the K/Ca ratios in bulk sediments during the low-temperature to midtemperature steps are likely to be influenced by these minerals, even though they are not overly abundant in the samples. Orthoclase, microcline and sanidine of the K-feldspar group degas at low (microcline and sanidine) to moderate (orthoclase) temperatures, with K/Ca ratios that are high (K/Ca = 10 -400 [Deer et al., 1992 ; GEOROC database, available at http://georoc.mpch-mainz.gwdg.de/ georoc/; Barnes, 1987; Barnes et al., 1986 Barnes et al., , 1992a Barnes et al., , 1992b ). These minerals should produce obvious signatures in the K/Ca spectra, even if present in only low abundances. Pyroxenes degas at moderate to high temperatures and, although not a significant carrier of K, they have relatively high Ca concentrations (and correspondingly low K/Ca values between 0 and 0.04). Plagioclase and hornblende have low K/Ca ratios, ranging from 0 to 0.5 (Table 1) . Although amphiboles are the most retentive [Brady, 1995; Dalrymple and Lanphere, 1969] , they are found in only small amounts. Thus plagioclase is the most likely mineral to be contributing to the age and K/Ca spectra at higher temperatures.
[32] In the Northern group, K/Ca values show a variety of trends in the stepwise heating results. GRA-2, WIL-4, COL-1, 3 and 5 all share similar trends and low values of K/Ca ratios ( Figure 3 and Table 2 ). After an initial rise Ar incremental heating spectra and K/Ca spectra for river sediments from the Klamath group (southern Oregon and northern California) of the Pacific Northwest. Analytical uncertainties (2s) in age and K/Ca are depicted by the vertical scaling of each step-heating box.
VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS during the low-temperature heating steps, the K/Ca ratios become uniform at approximately 0.3 -0.4, possibly indicative of either a high-K plagioclase or a mixture of a lowor moderate-K plagioclase with a higher-K mineral such as K-feldspar. There is no statistically significant difference in the K/Ca values over the two plateau intervals observed in the Columbia River age spectra.
[33] Potassium-calcium trends in the Central group are also variable ( Figure 4 and Table 2 ). The Tillamook Bay samples show different trends and average values, not surprising considering the age differences. Although the ages for UMP-1A and 1B are virtually identical, their respective K/Ca trends are quite different in the lowtemperature steps. UMP-1A begins at about K/Ca = 2.4 and decreases continually until the latter stages of the stepheating process, where K/Ca ratios trend toward a uniform value of about 0.5. UMP-1B, on the other hand, increases from very low K/Ca values to an average of about 0.1 that sustains until fusion. UMP-1A may have more high-K minerals degassing in the low-temperature steps (such as Ar- 39 Ar incremental heating spectra and K/Ca spectra for river sediments from the Southern group (northern and central California). Age spectra are black while the K/Ca spectra are gray. Analytical uncertainties (2s) in age and K/Ca are depicted by the vertical scaling of each step-heating box.
kaolinite and other clays and/or mica), explaining some of the contrast between the two samples. At high temperatures, the K/Ca values are indicative of plagioclase, amphibole and possibly, a small contribution from K-feldspar. The Coos River samples show markedly different K/Ca trends and values despite the fact that their age spectra are quite similar throughout the heating process. COO-1A begins with a very low K/Ca ratio and then steps upward to about 0.5, whereas COO-1C begins at K/Ca $ 3 and decreases to about 1.7, high values relative to the rest of the data set. The mineralogy comprising the Coos River bulk sediment plateaus must have greater abundances of high-K minerals (such as K-feldspar) than other samples or, conversely, low abundances of high-Ca minerals such as clinopyroxene.
[34] The Klamath group, which is composed of the Rogue and Klamath Rivers, shows rather similar K/Ca trends. Five of the eight samples (ROG-1, ROG-900, KLA-1, 2, and 898) show a continuous decrease in K/Ca ratios during the heating process from K/Ca values of 1.5 (a possible mixture of kaolinite and vermiculite) down to values consistent with a plagioclase characterized by low to moderate K at around 0.1 ( Figure 5 ). The other three Klamath group samples show an initial small increase in K/Ca, followed by a short duration of successive steps releasing similar K/Ca values. The final termination is punctuated by small decreases in the K/Ca ratio. The notably low K/Ca values for all samples in the middle-to high-temperature steps suggest a mixture of plagioclase, hornblende and possibly pyroxene.
[35] Trends of K/Ca for the Southern group are generally similar within each river basin. The Eel River samples display relatively high K/Ca ($2.5) during the lowtemperature steps, decreasing steadily to values around 0.3 (Figure 6 ), consistent with a mineralogy dominated by clays such as kaolinite, mica and possibly a low-temperature K-feldspar (microcline) at the lower temperatures and plagioclase during the middle to high temperatures. The Mattole River sample K/Ca ratios have large analytical uncertainties, suggesting that measurement error on 37 Ar (from Ca) was significant. The two Russian River samples have contrasting K/Ca trends. The RUS-1 K/Ca spectra, showing a pattern not unlike the Eel samples, has a high K/Ca contribution (K/Ca $ 2.5) at the lower-temperature steps, likely from kaolinite and mica while at higher temperatures the lower K/Ca values suggest a mixture of high-and low-K minerals. The consistently low K/Ca values in RUS-2 (K/Ca = 0.2) suggest a K/ Ca spectra dominated by plagioclase. All three of the Sacramento -San Joaquin samples display K/Ca patterns that decrease throughout much of the heating experiment. Toward the higher-temperature steps, however, a plateau in the K/Ca ratio centered at 0.3 develops, consistent with plagioclase degassing, and possibly a small contribution of a high-K mineral such as K-feldspar.
[36] In summary, the majority of samples for the entire data set appear to have K/Ca values that are consistent with mostly plagioclase degassing during the middle-to high-temperature steps. This is also the temperature range that tends to develop 40 Ar age plateaus. However, the K/Ca ratios measured over age plateau -determining steps (K/Ca $ 0.3) are a bit higher than measurements made on many plagioclases from the Columbia River Basalts, Cascades and Klamath Mountains [Barnes, 1987; Barnes et al., 1986 Barnes et al., , 1992a Barnes et al., , 1992b ; GEOROC database, available at http:// georoc.mpch-mainz.gwdg.de/georoc/] suggesting that a higher-K mineral such as K-feldspar could also be releasing a small amount of Ar during the higher-temperature steps.
Evaluating the K/Ca Spectra and Bulk Sediment Ages
K/Ca Degassing Spectra Reveal Bulk Mineralogy
[37] To help support the connections we have proposed between K/Ca values and mineralogy, we have developed a forward model that predicts K/Ca spectra. The best fitting values from the average abundances for each K-and Cabearing mineral (from XRD of 11 samples; Table 3 ) are used in conjunction with K and Ca concentrations (Table 4) . The release of 39 Ar and 37 Ar (proxies for K and Ca, respectively, described in the analytical section) from each mineral with increasing temperature is assumed to follow a Gaussian distribution.
[38] Each Gaussian degassing curve mean (temperature at which a given mineral reaches a diffusion maximum) and standard deviation (an estimate of the range over which a given mineral diffuses gas) are estimated from the available Mineralogic abundances are given in relative percent (calculated on a quartz-free basis). The best fit mineralogic abundances used later in the K/Ca degassing model are also shown. TIL-4 is the only sample analyzed by X-ray diffraction from Tillamook Bay and was not characterized by 40 Ar- 39 Ar methods. Cpx, clinopyroxene; Opx, orthopyroxene.
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS diffusion data for silicates [Brady, 1995; Fechtig and Kalbitzer, 1966; Harrison et al., 1985; Lovera et al., 1997; McDougall and Harrison, 1999] and correspond with the order of release temperatures presented in Table 1 
K/Ca Model Results
[39] The results of the K/Ca degassing spectra model weighted by (1) the mineral abundances for eight minerals and (2) the amount of K and Ca released at each of seven temperature steps from 200°C to 1400°C are presented in Figure 9 . The best fitting model result is plotted along with the average and standard deviation (1s) of the measured K/ Ca values for each temperature step from 24 samples that have not experienced appreciable 39 Ar loss.
[40] The modeled K/Ca values are generally in good agreement with the measured values considering the simplifications we have made for the diffusion of gases from these silicate minerals. These results suggest that to a first order, the K/Ca ratios at a given step are simply the average of contributions from the degassing minerals. Although this is intuitive, it is important to show that this simple calculation provides expected K/Ca similar to measured values from the bulk sediment 40 Ar- 39 Ar incremental heating experiments. Moreover, we note that plagioclase, because of its high abundance in the samples and high-temperature range of gas release, is the dominant mineral contributing to the age spectra at middle to high temperatures and therefore is the dominant mineral driving plateau development in these bulk sediment samples. 40 Ar- 39 Ar Ages of Detrital Mixtures [41] The observation of reproducible, well-defined plateau ages in the majority of our river samples is an important, yet surprising result considering that the sediment analyzed is a mixture of a variety of detrital minerals. The gas measured during any given temperature step is a mixture of all the contributions from K-bearing minerals releasing Ar at that temperature. To develop well-defined multistep age plateaus, the ages of the suite of minerals degassing from one temperature to the next has to be, in total, the same. For this to occur either an unusually favorable mixture of minerals have to be present where only one or two minerals dominate the gas released during incremental heating, or conversely, all minerals are derived from the same-aged geologic province(s). From the previous discussion we conclude that, since degassing of plagioclase generally coincides with the development of age plateaus and plagioclase abundances are the highest of the major K-bearing minerals, plagioclase dominates the age plateau results. To a lesser extent, K-feldspar could be a factor in some of the age plateaus since it can have an unpredictable degassing pattern over a broad temperature range [Brady, 1995; McDougall and Harrison, 1999] and has such high K content.
Modeling the
[42] We now take advantage of the finding that plagioclase and K-feldspar are the important minerals dictating release of Ar and develop a simple model to evaluate the meaning of the age spectra. The calculation takes into account mineral K content, cooling age and the proportional Table 4 . Range of K and Ca Concentrations Determined From Deer et al. [1992] , GEOROC Database, Barnes [1987] , and Barnes et al. [1986 Barnes et al. [ , 1992a Barnes et al. [ , 1992b Table 4 ) and activation energies. Release is expressed as percent of total of all minerals degassing Ar. K concentrations are based on best fit (Table 4) . K-feldspar and mica dominate in the low to middle temperatures while plagioclase becomes important at high temperatures.
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS area of each bedrock unit. We develop the model for the Umpqua, Rogue and Klamath River basins, given the availability of cooling age information and digital geologic maps, which makes calculations of the areas of individual mapped lithologies relatively easy and accurate. The conditions and assumptions are as follows.
[43] On the basis of our age and K/Ca results, we assume that the plateau ages are dominated by K from plagioclase mostly and to a lesser extent, K-feldspar (in which the K concentration for this plagioclase -K-feldspar mixture is weighted by a 95-5% mineral abundance mixture since only a ''tail'' of K-feldspar is likely to be outgassing Ar at the higher, plateau-defining temperatures). Each of the mapped units is assigned K concentrations that are either based on plagioclase only (in the case of mafic or intermediate Cascade rocks as well as sediments derived from basaltic or andesitic compositions) or a mixture of plagioclase and K-feldspar (in the case of granitic units and sediments derived from felsic protoliths). Plagioclase K concentrations differ in the model depending on whether the host rock is felsic (6000 ppm), intermediate (or andesitic; 4000 ppm), mafic (2000 ppm) or ultramafic (1000 ppm). Mixtures of these four values are also used when appropriate.
[44] In the Umpqua River basin, the sedimentary Tyee Formation is divided into two groups derived from different protoliths [Ryu and Niem, 1999; Walker and MacLeod, 1991] . One half of the Tyee Formation is sourced from the paleo-Klamath Mountains, while the other half is derived from the Idaho Batholith. The Idaho Batholithderived component is assigned an age of 67 Ma [Heller et al., 1985 [Heller et al., , 1992 and the Klamath Mountain component is assigned an age of 154 Ma, the average age for all of the Klamath Accretionary Complex plutonic rocks [Irwin and Wooden, 1999] . This age is also assigned to metasedimentary terranes in the Klamath Mountains, where we assume an age equivalent to the age of the youngest plutons intruded into them [Wells et al., 2000] . This is feasible since it is likely that most of the K-bearing minerals in these metasedimentary units were reset during contact and regional metamorphism. This allows us to calculate an average age of the Klamath-derived component of the Tyee Formation, which is estimated from the average age of 154 Ma for all plutons with radiometric ages available. For the Cascade arc -derived lithologies, the eleven most common mapped units exposed in the Umpqua River basin were simplified into three age/lithologic groups ( Figure 10 ; Walker and MacLeod [1991] ). For the age of Cascade rocks in the Rogue and Klamath Rivers a weighted average of 21 Ma (calculated from the 11 units used in the Umpqua Basin) was used, recognizing that this number could realistically range from around 10 -30 Ma.
[45] The geologic map of Irwin and Wooden [1999] was used for extracting rock type and cooling age parameters in the Rogue and Klamath River basins. The areas of these units were calculated from digital geologic maps of the Klamath Mountains [Irwin, 1997] . Most mapped units from Irwin and Wooden [1999] smaller than $50 km 2 were not included in the analysis. Because of this, the summed rocktype areas of all units used in the model do not likely equal the true river basin areas of either the Rogue or the Klamath Rivers. The total area not captured by this simplification is less than 10%.
[46] Finally, this model assumes that erosion occurs evenly over all rock types and in all parts of the basin. Neither are true [Howard, 1998; Howard et al., 1994; Montgomery, 1994; Whipple and Tucker, 1999] , but at least in the cases provided by the Umpqua and Rogue Rivers, these factors could be negligible, as will be shown in the results. However, differential erosion and/or sediment transport and storage are needed to explain differences between the Klamath River model and 40 Ar- 39 Ar plateau age results. Table 4 ) and activation energies. Release is expressed as percent of total of all minerals degassing Ar. Ca concentrations are based on best fit (Table 4) . Plagioclase dominates almost the entire release pattern, while clinopyroxene, an insignificant contributor to the age spectra (low K), plays a significant role in the K/Ca spectra. [47] The equation that expresses the weighted average age based on the parameters of K content, rock exposure area and cooling age (T kat ) of minerals in a given lithologic formation and ignoring differential erosion of rock types is then
Where n is the number of rock types, K i is the concentration of potassium in each rock type (in ppm), a i is outcrop area of each rock type (in km 2 ), and t i is the age of each rock type (in years). We adjusted the estimated ratio of Klamath-Idaho Batholith source contributions in the Tyee Formation to their reasonable upper and lower limits (70 -30% Klamath-Idaho Batholith to 30-70% KlamathIdaho Batholith ratios) to examine model sensitivity, wherein the modeled ages were seen to vary by ±7-10 Ma in the Umpqua River basin.
Results From the Bulk Sediment 40
Ar- 39 Ar Detrital Mixture Model
[49] The parameters and results for the model ages, T kat , are presented in Table 5 . For the Umpqua River, the modeled bulk sediment age is T kat = 90 Ma ( Figure 10 and Table 5 ), virtually identical to the average bulk sediment 40 Ar- 39 Ar plateau age measured on three Umpqua River samples and within error (92 ± 7 Ma; Table 2 ). Even though the Rogue and Klamath Rivers erode both the Klamath Accretionary Complex and Cascade Volcanics rocks (Figures 2 and 11) , their model ages are quite different. The model result for the Rogue River is T kat = 128 Ma while its average bulk sediment age from four samples is identical at 129 Ma. The Klamath River model result is T kat = 109 Ma, markedly different than the bulk sediment average of 151 Ma.
[50] The T kat model does well in predicting the Umpqua River and Rogue River bulk sediment ages, suggesting that Table 5 ), where ''age'' is measured or estimated crystallization age of K-bearing minerals (plagioclase and K-feldspar) and ''K concentration'' denotes either K contents of plagioclase or a mixture of plagioclase and K-feldspar. Lithologic nomenclature is after Walker and MacLeod [1991] . Geologic information is from Heller et al. [1985 Heller et al. [ , 1992 , Walker and MacLeod [1991] , Irwin and Wooden [1999] , Wells et al. [2000] , Barnes [1987] , and Barnes et al. [1986 Barnes et al. [ , 1992a Barnes et al. [ , 1992b .
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS K concentrations are based on the simplifications that (1) the plagioclase -K-feldspar contribution is 95 -5% and (2) the K concentrations for plagioclase are 6000, 4000, 2000, and 1000 ppm for granitic plagioclase, andesitic plagioclase, basaltic plagioclase, and ultramafic plagioclase, respectively. Granitic rock units thus contribute the weighted average of 11,000 ppm K while sedimentary units that are derived from granitic units are given a more intermediate K concentration mixture of 6000 ppm. All major terranes were assigned the age of their youngest intrusion, since minerals are likely to have been reset unless metamorphic ages were available in the literature [Wells et al., 2000; Walker and MacLeod, 1991] . Ages for the Umpqua Basin are from Wells et al. [2000] , Duncan [1982] , and Heller et al. [1985 Heller et al. [ , 1992 . Note that the Umpqua River drainage area shown here is larger than published values of 9504 km 2 [Karlin, 1980] Irwin and Wooden [1999] . Tus, Tub, Tu, Tbaa, Tt, Tsr, KJds, KJg, Js, Jv, Ju, see Figure 10 ; CMTT, Condrey Mountain Terrane; WKT, Western Klamath Terrane; EHT, Eastern Hayfork Terrane; ash, Ashland Pluton; gb, Grayback pluton; gp, Grants Pass pluton; wr, White Rock pluton; w, Wimer pluton; MCT, May Creek Terrane; RST, Rattlesnake Terrane; chc, Chetco Complex; jo, Josephine Ophiolite; cs, Colebrook sediments; kjds, metasediments [Walker and MacLeod, 1991] ; rs, redding subterrane; mm, Mule Mountain pluton, sb, Shasta Bally pluton; CMT, Central Metamorphic Terrane; HF, Hayfork terrane; ww, Wildwood pluton; WKT, Western Klamath Terrane; wc, Wooley Creek; ep, English Peak Pluton; NFT, North Fork Terrane; rp, Russian Peak pluton; cc, Canyon Creek pluton; cp, Craggy Peak Pluton, sp, Sugar Piine pluton; pl, Porcupine Lake pluton; ccr, Castle Crags pluton; bk, Bonanza King pluton; cm, China Mountain pluton; cpg, CP gabbro; YT, Yreka terrane; FJT, Fort James terrane; CAS, Cascade Volcanics. c Lithologies are as follows: cai, calc-alkaline, felsic rocks; ande, andesitic; bas, basaltic; um, ultramafic rocks; mmv, mafic metavolcanics; mv, metavolcanics; mi, mafic intrusives; ss, sandstone; sh, shale; mud, mudstone; sl, slate; ms, meta-sediments; ims, interlayered metasediments. 
VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS the bulk sediment plateau age results can be, to a first order, faithful indicators of the weighted average cooling age of source rocks in a given basin. However, the model does not do well in the Klamath River basin and requires further examination.
Discussion
[51] The larger goal of this study is to characterize bulk fluvial sediment entering the northeast Pacific Ocean on a river basin scale in order to track sediment transport pathways to continental margin locations. We see distinct features in several of the large sediment contributors to the Pacific margin. Bulk sediments sampled from the mouth of the Columbia River present dual-plateau age spectra, although the age of each of the plateaus varies from sample to sample. The Klamath River, the third largest sediment producer in the Pacific Northwest also exhibits bulk sediment ages that are unique relative to other rivers in the Pacific Northwest, being the highest at 151 Ma. Rivers draining the Oregon Coast Ranges show distinct sediment plateau ages at around 88-100 Ma. Samples from the Eel River, which is presently the largest sediment producer on the Pacific margin, show age spectra that are very similar to those from the Rogue River, between 125 and 132 Ma.
[52] We show that the K/Ca spectra (and therefore the age spectra) are dominated by plagioclase feldspar and, to a lesser extent, K-feldspar. This greatly simplifies the interpretation of bulk sediment 40 Ar- 39 Ar ages and we show that calculations based on a simple weighted average of source VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS rocks and composition suggest that the bulk sediment ages are, to a first order, faithful reflectors of provenance.
[53] Our interpretations of incremental heating-derived age spectra distinguish provenance information from Ar loss, recoil or alteration. This technique is not likely compromised by problems related to alteration and diagenesis since the step-heating procedure essentially degasses the sample from the outside inward. For the most part, the outer portion of minerals is the part that will be susceptible to chemical exchange with fluids (e.g., river water and seawater) during the weathering and transport process. Thus, by incrementally heating sediment samples, we can evaluate (through the age spectra) the extent of alteration (or the effects of Ar loss and recoil) and thus extract robust information about the source rocks from the unaltered inner portions of crystals.
8.1. Data-Model Mismatch in the Klamath Basin: Differential Erosion?
[54] The extremely low bulk detrital mixture model age for the Klamath River (109 Ma vs. the average measured bulk sediment Ar sediment age of 151 Ma) suggests that erosional processes in the Klamath basin may not be as simply interpreted as for the Umpqua or Rogue basins. One possibility is that marked differential erosion is occurring in the Klamath basin. A population of seventy-eight U-Pb ages [Allen et al., 2002 ] measured on zircons from sediment collected at the Klamath River mouth has an average age of 155 Ma, within error of the bulk sediment 40 Ar- 39 Ar average of 151 Ma. Even though the closure temperatures are quite different for zircons and feldspars [see Reiners et al., 2005b] , it is reasonable to compare the two ages since both the zircon U-Pb ages and 40 Ar ages of minerals in our bulk sediment samples are likely related to the Mesozoic emplacement of the Klamath plutons (therefore cooling ages of the two minerals should be similar to within a few million years). Of the zircon grains measured by Allen et al. [2002] , none had a Cascade-like signature (0 -30 Ma), suggesting that material in the Cascade portion of the Klamath River basin may not contribute significantly to the sediment load found at the mouth. Notably low relief is characteristic of the topography in the upper Klamath Basin (Figure 11 ) when compared to both the relief in the lower Klamath basin underlain by the Klamath Accretionary Complex as well as the portion of the Umpqua and Rogue basins eroding Cascades rocks. We hypothesize that the age difference between our T kat age and the measured bulk sediment age is due to a negligible amount of sediment transported out of the low-relief upper Klamath basin to the river mouth. In the extreme case where the upper Klamath basin is set to contribute no sediment to the bulk material collected at the mouth, our T kat model age is 147 Ma, within error of the measured bulk sediment 40 Ar plateau age of 151 Ma (Table 5 ).
Bulk Sediment Ages in the Columbia River Sediment: Dominated by Interior Cordilleran Sources?
[55] The dual-plateau spectra observed in four out of five Columbia River samples (Figure 3 ) suggest that two K-bearing mineral phases of different ages, and different degassing temperature ranges influence the total 39 Ar released. Approximately 45% of the Columbia River drainage area consists of Northwestern Cordillera (British Columbia, Montana Rockies and the Idaho Batholith). The Columbia River Basalts (CRBs) and lavas associated with the Snake River Plain (SRP) comprise another 45% of the total basin area. Thus it is somewhat surprising that the ages presented here do not fall closer to an age in between the older, Cordilleran plutonic sources and the young Columbia River Basalt/Snake River Plain/Cascade sources. The majority of plutons comprising the Canadian portion of the upper Columbia Basin region (e.g., the Cretaceous Bayonne Magmatic Complex) are the 90-115 Ma Bayonne Suite and the 140-150 Ma Bigmouth Pluton in the Monashee, Selkirk and Purcell Mountains (Figure 2) , although other Paleozoic and Early Tertiary intrusive bodies, which are less areally extensive, are present [Ghosh, 1995; Logan, 2002] . An average age weighted by mapped rock exposure area for 46 K-Ar, 40 Ar- 39 Ar or U-Pb dates of plutonic bodies in southeastern British Columbia [Logan, 2002] is 120 Ma, which is within error of the 122 Ma average calculated from the entire set of four low-plateau and five high-plateau ages for the Columbia River sediments (Table 2) .
[56] Nd isotopic analyses performed on suspended and bed load sediment from the Columbia River reflect interior, Cordilleran sources (as opposed to Cascade or Columbia River Basalt sources), supporting our 40 Ar- 39 Ar bulk sediment age results. Two bed load samples have an average e Nd = À5.5 [Goldstein et al., 1984] and a suspended sediment sample has e Nd = À4.5 [Goldstein and Jacobsen, 1988] . Since plagioclase is one of the major carriers of the rare earth elements (out of the major rock-forming minerals) and all geologic provinces in this study have similar plagioclase abundances, it might be expected that the Nd isotopic values would reflect, to some extent, a mixture of all sources in the river basin. Yet the river sediment Nd isotopic values do not reflect a mixture of Nd isotopic values from all Columbia River basin rock types (Figure 12 ), but values most closely resembling those of the British Columbia plutonic rocks from the Selkirk, Monashee and Purcell Mountains, which have an average e Nd = À7.5 [Ghosh, 1995] , also suggesting that this region is the dominant source of sediment at the mouth of the Columbia River. It is possible, then, that the dual-plateau feature seen in the Columbia River sediment might be related to the two populations of granitic rocks mentioned above, found in the headwaters of the Columbia River basin, although this is speculative.
[57] Another perplexing finding is that we do not see strong evidence for material derived from the hightopographic-relief regions of the Idaho-Bitterroot Batholith (65 -100 Ma) that are characterized by low 143 Nd/ 144 Nd (e Nd À10 to À20 [Fleck, 1990; Mueller et al., 1995] ) nor Cascade arc rocks which have quite young 40 Ar- 39 Ar ages (0-30 Ma [Walker and MacLeod, 1991; Verplanck and Duncan, 1987] ) and have e Nd values of around 4.5 (GEOROC database, available at http://georoc.mpch-mainz. gwdg.de/georoc/). This is somewhat surprising considering that erosion rates are often greater in high-relief regions [Ahnert, 1970; Burbank et al., 2003] , or in regions experiencing high rates of rock uplift [Wobus et al., 2003] or precipitation [Reiners et al., 2003] . Both regions comprise only about 8% each of the total area for the Columbia River catchment, which helps explain why the signatures of these geologic provinces are not seen in our analyses. However,
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VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS considering how proximal the high-relief Cascades are to the mouth of the Columbia River and the fact that notable erosion is occurring there [Reiners et al., 2003 ] this explanation is not entirely satisfactory. Likewise, Reiners et al. [2005a] saw little evidence for a Cascade signature from zircon analyses of Tertiary-age fluvial-derived sandstones in the Olympic Mountains, in spite of the fact that sediments comprising the units had to have been transported through the paleoCascades. This may indicate that the Cascades do not contribute a significant amount of sediment to the larger size fractions. Minerals from fine-grained volcanic rocks may break down to smaller size fractions (<20 mm) more easily/ faster (relative to plutonic minerals) during erosion, producing a size fraction bias. It has been suggested that volcanic rocks break down by chemical weathering up to 50 times more quickly than granites [Drever and Clow, 1995] . Thus Cascade and other volcanic rocks in these catchments may be underrepresented in silt-sized material and be more preferentially reflected through clays and the solute load. It has been shown that minerals related to granitic rocks like micas, K-feldspars and sodic to intermediate plagioclase are the longest-lasting detrital minerals, while hornblende and calcic plagioclase have an order-of-magnitude shorter lifetime [Kowalewski and Rimstidt, 2003] . These findings suggest that minerals comprising the sediment at the mouths of the Columbia, Rogue and Klamath Rivers, for example, could show bias to older, plutonic sources. An alternative explanation to these data is that high relief alone is not enough to dictate how much erosion is occurring in the different geologic provinces. Higher rates of rock uplift or precipitation may also be playing a role and this provides an area for future research. Ar analyses. We see strong evidence for both. 40 Ar loss appears to be a consistent feature in almost all of the samples. The loss is generally confined to the lower-temperature steps, where the less retentive minerals or the weathered margins of more retentive minerals are degassing. What is surprising is that 40 Ar loss is not much more pervasive, considering that most of the minerals in these sediments come from surface outcrops that are exposed to chemical weathering and have been mechanically broken down during transport. One possible explanation to this is that the physical weathering process removes the less retentive, altered and fractured outer edges, and leaves behind more pristine mineral crystals.
[59] Ar recoil is most consistently observed in samples that drain the Tertiary Tyee Formation (Coos and Umpqua Rivers) and Mesozoic Franciscan Melange (the Eel, Mattole and Russian Rivers). Both of these sediment formations are composed of mineral particles that are sourced from Mesozoic protoliths, suggesting that recoil is common in material derived from old sedimentary rocks; possibly because of diagenetic factors compounded by exposure to more physical and chemical weathering (e.g., these minerals and rock fragments have been through the weathering process at least twice).
[60] Some of the estuary samples did not provide ages that were reproducible. Since tides and longshore currents often bring material into the estuary it was important to avoid sampling near the mouth [Peterson et al., 1982 ]. Yet we now see that any sample taken further inland in an estuary with complex hydrography, away from tidally derived beach material, is not always representative of what enters the ocean, as evidenced by the wide range in ages from samples taken from the Tillamook and Willapa estuaries. However, this should only be true in cases where several major rivers feed into one estuary, and is dependent on the shape of the estuary and the distribution of erodable rock types in the contributing drainage area [Peterson et al., 1984] . The bulk sediment 40 Ar ages from Willapa Bay (WIL-2 and 4) and Tillamook Bay (TIL-1 and 2) are unlikely to be fully homogenized (well mixed) and therefore do not provide a reliable 40 Ar fingerprint.
[61] The K/Ca spectra provide important insights into the composition of our bulk samples but generally do not provide much in the way of diagnostic provenance information since K/Ca values are seen to change through the step-heating process for different samples from the same river. The reasons for this are likely related to variable mineralogy, variable contributions of minerals to the plateau portion of the age spectra and 39 Ar loss in the reactor. When compared with ICP-OES K/Ca ratios, systematically lower Ar-derived integrated K/Ca values are observed in samples that have very low initial K/Ca values in their spectra (for example, COO-1A, Figure 4 ; ROG-5, Figure 5 ; RUS-2, Figure 6 ). The most plausible explanation for this difference is reactor-related loss of 39 Ar (i.e., K), which results in K/Ca measurements that are unexpectedly low and not truly Figure 12 . Nd isotopes (e Nd ) versus cooling/crystallization age or, in the case of the Columbia River, bulk sediment 40 Ar- 39 Ar plateau age. Data sources are as follows: Canadian plutons are from Ghosh [1995] and Logan [2002] ; Idaho Batholith data are from Foster et al. [2001] and Fleck [1990] ; Columbia River Basalt and Cascade arc data are from GEOROC (http://georoc.mpchmainz.gwdg.de/georoc/); Columbia River Nd isotopic data and error are from Goldstein et al. [1984] and Goldstein and Jacobsen [1988] . As discussed in the text, the Columbia River sediment most closely resembles the intrusive rocks from British Columbia.
VANLANINGHAM ET AL.: STEP HEATING OF MULTIPHASE DETRITUS representative of the mineralogy at the lower temperature steps. The K/Ca spectra acquired during the middle-and high-temperature steps, however, reflect real differences in mineralogy.
[62] Finally, we acknowledge that other important factors dictating the flux and types of sediment delivered through the fluvial system, such as anomalous storms, mass wasting events, fires, logging, agricultural practices and river diversion projects, are not considered here because of the difficulty in addressing these problems in the framework of longer-term, geological cycles and regional scales.
Conclusions and Implications
[63] This paper highlights a new method that characterizes bulk sediment for provenance studies using the 40 Ar- 39 Ar incremental heating technique. We analyzed the 20-63 mm size fraction of bulk river sediments from the mouths of 14 Pacific Northwest rivers for the purpose of identifying sources and examining the feasibility of using bulk sediment 40 Ar- 39 Ar plateau ages and age spectra patterns to track the contributions of specific rivers to continental margin sedimentation. We examined the silt-sized material since this fraction contains mostly rock-forming minerals and yet it is small enough to be transported to most continental margin sediment sites via ocean currents. Significant findings are as follows:
[64] 1. Reproducible age spectra provide robust ''fingerprints'' for many individual rivers in the Pacific Northwest, both by the shape of the age spectra and by the bulk sediment 40 Ar- 39 Ar plateau ages. Major problems in this data set appear to be related to sampling bias and not the technique itself (for instance, variability in age spectra seen in samples from large estuaries are related to nonhomogenization of several river sources in a complex estuarine system).
[65] 2. A K/Ca degassing model is developed to test, in light of bulk mineralogy and diffusion of silicates, whether measured K/Ca spectra (determined from 39 Ar and 37 Ar) are reasonable indicators of contributing minerals, given typical K and Ca compositions. The model shows that the bulk mineralogy is reflected in the outgassing K/Ca spectra and that plagioclase is likely to be the dominant mineral producing the age plateaus, followed by K-feldspar.
[66] 3. A basin-scale ''weighted average cooling age'' model is also developed to test the consistency of our measured bulk sediment plateau ages with known source rock age and compositions. The simple model takes into account K content (of plagioclase and K-feldspar), cooling age and areal extent of geologic units to predict bulk sediment plateau ages for the Umpqua, Rogue and Klamath river basins. The Umpqua basin model prediction is 90 Ma, very similar to the average bulk sediment 40 Ar- 39 Ar age (92 Ma). The model predicted 128 Ma for the Rogue River, virtually identical to the average bulk sediment age of 129 Ma calculated from four 40 Ar- 39 Ar analyses. The modeled age for the Klamath River is 109 Ma, considerably younger than the average bulk sediment age of 151 Ma. However, if we include the effect of differential erosion occurring in the high-relief Klamath Mountain and low-relief Cascades and/or transport of this material to the mouth, a model age of 147 Ma is predicted.
[67] 4. Results from the Klamath and Rogue Rivers, which drain the same lithologic formations, show distinct 40 Ar- 39 Ar bulk sediment plateau ages, highlighting the fact that this technique has the power to resolve sediment sources on a drainage basin scale. These results also suggest that in cases where ''fingerprints'' are the goal, this method shows promise to be as diagnostic as single-grain methods (e.g., 40 Ar- 39 Ar age determinations on mica and K-feldspar, U-Pb age measurements on zircons, etc.) often used in fluvial settings. For example, the Rogue and Klamath Rivers likely contain differing proportions of single grain populations in which a large number of analyses would be necessary to resolve differences statistically. However, these differing proportions of rock types contributing detrital minerals to the fluvial sediment can be resolved with very few measurements using incremental heating on bulk sediment. Future work involving the coupling of single-grain analyses with this bulk sediment 40 Ar- 39 Ar incremental heating method will further refine the technique and will also expand its utility.
[68] 5. On the basis of Nd isotopic analyses [Goldstein and Jacobsen, 1988; Goldstein et al., 1984] in conjunction with our bulk sediment age results, we infer that the Columbia River sediment is dominated by detrital minerals from Canadian Cordilleran rocks. It is interesting that Cascade rocks seem to be ''missing'' in measurements made on the bed load sediment (both data presented here and that of Goldstein et al. [1984] and Goldstein and Jacobsen [1988] ) of the Columbia River even though notable erosion occurs there [Reiners et al., 2003] . This observation has been made before for much older fluvialderived sediments in the Pacific Northwest [Reiners et al., 2005a] and may be related to a combination of grain size differences between plutonic and volcanic minerals and the rates at which these minerals break down. The information unraveled by the 40 Ar method presented here coupled with the few Nd isotopic analyses from the Columbia River [Goldstein and Jacobsen, 1988; Goldstein et al., 1984] suggests that the two isotopic systems could prove to be a powerful combination in not only identifying provenance but also unraveling erosion dynamics on large fluvial basin scales.
[69] Our results show promise for applying this technique to a variety of climatic and tectonic problems. These include delineating downcore provenance change on fluvial basin scales to unravel trends in oceanographic circulation and sediment fluxes through geologic time. Because the technique captures information about weathering and alteration, it may also be well suited to contrast physical vs. chemical weathering in terrigenous sediments. It could also be a valuable tool for understanding both spatial and temporal changes in basin hydrology related to natural climate and tectonic cycles over geologic timescales.
[70] The inferences made by the ''average cooling age'' model suggest that there may also be a future for this technique in the realm of tectonic geomorphology and thermochronology at continental margin sites where singlegrain analyses are not feasible. Although bulk sediment is inherently complex, the findings presented here show that quantitative information about provenance and erosion can be extracted from 40 umenting tectonic and climatic processes through the tracking of fine-grained terrigenous material.
